The Effect of Concrete Strength on the Shear Strength of Reinforced Concrete Beams with Bar Cutoff by Borchelt, J. Greg
THE EFFECT OF CONCRETE STRENGTH





THE EFFECT OF CONCRETE STRENGTH ON THE SHEAR STRENGTH
OF REINFORCED CONCRETE BEAMS WITH BAR CUTOFF
To: J. F. Mclaughlin, Director
Joint Highway Research Project
From: H. L. Michael, Associate Director
Joint Highway Research Project
July 12, 1968
Project No. : C-36-56M
File No. : 7-^-13
The attached Final Report "The Effect of Concrete Strength on
the Shear Strength of Reinforced Concrete Beams with Bar Cutoff" hy
J. Gregg Borchelt is presented to the Board for the record as
completion of a research project. The research was approved in a
Plan of Study on May 11, 1967. Professors M. J. Gutzwiller and R. H.
Lee directed the study and Mr. Borchelt also used the report as his
thesis for the MSCE degree.
The research was an experimental study of the ultimate behavior
of reinforced concrete beams which fail in shear. It was found that
failure occurred in two modes, shear compression and diagonal tension.
Important factors in the type of failure were the shear span to
depth ratio and the concrete strength.


























THE EFFECT OF CONCRETE STRENGTH ON THE SHEAR STRENGTH
OF REINFORCED CONCRETE HBAMS WITH BAR CUTOFF
by
J. Gregg Borchelt








Acknowledgment is first made to the board members of
the Joint Highway Research Project and to Professor G. A.
Leonards, Director, for providing funds for the project.
Special appreciation for their advice and guidance is
given to Professors Martin J. Gutzwiller and Robert H. Lee,
major professors.
The author also wishes to thank Mr. W. B. Telfer,
laboratory technician, and the several graduate students for
their generous assistance in the laboratory.






LIST OF TABLES vi
LIST OF FIGURES viii
LIST OF SYMBOLS x i
ABSTRACT x -j v
INTRODUCTION 1
Present Design Methods 6
Review of the Literature 8
Beams without Web Reinforcement 9
Beams with Web Reinforcement 12
PURPOSE AND SCOPE 15





Fabrication and Curing 23




Beam IA-4 (No Stirrups - 2 Layers of
Tension Steel) 36
Beam IIB-5 (No Stirrups - AASHO Cutoff) 37
Beam IIIB-5 (4" Stirrup Spacing - AASHO
Cutoff) 37
Beam IIIB-6 (No Stirruos - AASHO Cutoff) 38
Wehr 47
Beam IIT-1 (No Stirrups - No Cutoff) 47
Digitized by the Internet Archive
in 2011 with funding from
LYRASIS members and Sloan Foundation; Indiana Department of Transportation
http://www.archive.org/details/effectofconcreteOOborc
~/
TABLE OF CONTENTS (continued)
t v
Spaman
Beam 1A (No Stirrups - Theoretical
Beam IE (No Stirrups - No Cutoff).
Beam 1 1 A (3 1/2" Stirrup Spacing -
Theoretical Cutoff)
Beam 1 1 B (3 1/2" Stirrup Spacing -
No Cutoff)





















6 00 psi )
3,820 psi
)






















































Effect of Concrete Strength.
Modes of Failure
















ANALYSIS OF TEST RESULTS 107






SUMMARY AND CONCLUSIONS 115
TABLE OF CONTENTS (continued)
Page
BIBLIOGRAPHY 117
APPENDIX A: STRESS -STRAI N PROPERTIES OF THE
REINFORCEMENT 119




1. Properties of Repeated Specimens 18
2. Properties of Concrete Strength Test Specimens... 19
3. Properties of Longitudinal Reinforcement 22
4. Properties of Soft Web Reinforcement 23
5. Summary of Repeated Test Results 30
6. Summary of Test Results for Concrete Strength.... 31
7. Comparison of Repeated Beam Strengths with
A.C.I. Building Code Requirements 9 7
8. Comparison of Repeat Beam Strengths with
AASHO Standard Specifications 98
9. Effect of Shear Span to Depth Ratio 101
10. Comparison of Concrete Strength Test Results
with A.C.I. Building Code Requirements 108
11. Comparison of Concrete Strength Test Results
with AASHO Specifications HO




Bl. Test Data, Beam I A- 4 121
B2. Test Data, Beam IIIB-5 122
B3. Test Data, Beam IIT-1 123
B4. Test Data, Beam IA 124














BIO. Test Data, Beam I













B16. Test Data, Beam I
B17. Test Data, Beam I






















1. Beam with Diagonal Tension Crack 4
2. Beam Capacity versus a/d Ratio for Simply
Supported Rectangular Beams 10
3. De tails of Spec i mens 17
4. Forms Prior to Casting 24
5. Test Se.tup 26
6. Repeat Beams of Spaman After Test 32
7. Beams After Test Series I 33
8. Beams After Test Series II 34
9. Beams After Test Series III 35
10. Load versus Deflection - Harvey 39
11. Concrete Strain Distribution - Beam IA-4 40
12. Load versus Steel Strains - Harvey 41
13. Pictorial Representation of Beam on Crack
Pattern Sheet 42
14. Beam IA-4 43
15. Beam IIB-5 44
16. Beam IIIB-5 45
17. Beam IIIB-6 46
18. Grshphs for IIT-1 48
19. Strait) Distribution, IIT-1 49
20. Beamlf.T-1 50
1 X
LIST OF FIGURES (continued)
Figure
21. Load versus Deflection, Spaman ,
2 2. Concrete Strain Distribution, IA ,
23. Concrete Strain Distribution, IE
24. Concrete Strain Distribution, 1 1 A ,
25. Concrete Strain Distribution, 1 1
D
26. Steel Strain Distribution, IA and IE







32. Load versus Deflection, Series I
33. Concrete Strain Distribution, I - 1 and 1-2
34. Concrete Strain Distribution, 1-3 and 1-4




39. Beam 1-4 ..
40. Load versus Deflection, Series II
41. Concrete Strain Distribution, 1 1 — 1
42. Concrete Strain Distribution, 1 1 - 2
43. Concrete Strain Distribution, 1 1 - 8


























LIST OF FIGURES (continued)
Figure Page
45. Beam II-l 8 3
46. Beam 1 1 -2 84
47. Beam 1 1 - 8 85
48. Load versus Deflection, Series III 88
49. Concrete Strain Distribution, I 1 1 - 1 89
50. Concrete Strain Distribution, 1 1 1 -2 90
51. Concrete Strain Distribution, I I I - 5 91
52. Load versus Steel Strain, Series III 92
53. Beam 1 1 1-1 93
5 4. Beam 1 1 1-2 9 4
55. Beam II 1-5 95
56. Shearing Stress versus Concrete Strength 112
57. Typical Stress-Strain Properties,
Longitudinal Steel 119
58. Typical St res s -S tr ai n Properties,
Stirrup Steel "... 120
xi
LIST OF SYMBOLS
nominal area of tension steel
cr os s - sect i ona 1 area of one stirrup
length of critical shear span (distance from sec-
tion of maximum moment to point of inflection)
width of beam section
total internal compression force in concrete
effective depth (measured to centroid of tension
stee 1 )
d' distance from compression face to centroid of
compression steel
modulus of elasticity of steel
initial tangent modulus of concrete
f
'
concrete compressive strength, 6" x 12" standard
cylinder
st
split tensile strength, 6" x 12" standard cylinder
y
jd
yield stress of longitudinal steel
internal moment arm, straight-line theory
H moment at any section
XI 1
fl ultimate flexural moment





total load at formation of diagonal tension crack
sp
total load at splitting along steel
total 1 oad at failure
PV P 2 load on the overhang and load between supports,
respectively
A/bd percentage of longitudinal steel
reacti on
A / b s web reinforcement ratio
v
horizontal spacing of stirrups
total force in tension steel
total shear at any section
shear in critical shear span




ultimate shear force carried by web reinforcement
nominal shearing stress = V/bjd or V/bd as de
fined in text
allowable nominal shearing stress = V/bjd
shear stress carried by concrete
cr
shear stress at diagonal cracking
portion of shearing stress carried by stirrups
sp
shearing stress at splitting along steel
ultimate shear strength
inclination of stirrups with respect to longi







strain in micro- inches per inch
XI V
ABSTRACT
Borchelt, J. Gregg. M.S.C.E., Purdue University,
August 1968. THE EFFECT OF CONCRETE STRENGTH ON THE SHEARSTRENGTH OF REINFORCED CONCRETE BEAMS WITH BAR CUTOFF
Major Professors: M. J. Gutzwiller and R. H. Lee.
This is an experimental study of the ultimate behavior
of reinforced concrete beams which fail in shear. The ob-
jectives of this investigation were:
1) to repeat certain beam tests of earlier studies
here at Purdue in order to clarify and supplement
their investigation,
2) to determine the effect of concrete strength upon
the behavior and failure mode of beams with differ-
ent shear span to depth ratios,
3) to use all of the data available in order to draw
conclusions.
Nine beams from the earlier reports were retested in
accordance with the original procedure. Ten additional beams
were cast to complete the study of the concrete strength.
All specimens had a 6" x 13" rectangular cros s -se ct i on and
were loaded to simulate a portion of a continuous girder.
The beams were designed to restrict failure to a shear type
failure in the length between maximum negative moment and
zero moment -- commonly called the shear span.
XV
Failure occurred in two modes, shear compression and
diagonal tension. It was found that the type of failure de-
pended upon the position of the diagonal crack when it
crossed the neutral axis. The location of the critical crack
depended upon the shear span to depth ratio and the concrete
strength .
Detailed discussion of individual beam behavior and the
failure patterns are presented along with the summary of test
results .
INTRODUCTION
The behavior of reinforced concrete members has been
the subject of extensive experimental and analytical re-
search. The basic fundamentals of mechanics provide rea-
sonable limits for design, but it is well known that the
true response of reinforced concrete structures does not
strictly conform to standard design methods. In recent
years the ultimate load behavior of reinforced concrete has
been under investigation in an effort to remove the imposi-
tions of elastic behavior.
Sufficient test data has been correlated with theoreti-
cal hypotheses so that a reasonable understanding of the
ultimate strength of such members in pure bending and axial
compression has been obtained. Although much work has been
performed on beams subjected to the combined action of
bending and shear, the behavior of such members cannot be
predicted with sufficient accuracy.
The effect of shearing stresses can be established by
examining a simply-supported beam loaded with two symmetrical
concentrated loads. In this case the region between loads
is in a state of pure bending, while the length between the
load and the support, commonly called the shear span, is
subjected to a combination of shearing and bending stresses.
When the loads are placed near the center of the span,
so that the shear span is greater than 6 to 7 times the
beam depth, the effect of shear on the ultimate strength
of the beam is small or negligible. The member fails by
flexure with either crushing of the concrete or initial
yielding of the tension steel followed by crushing of the
concrete. This type of loading approaches the case of pure
bending, for which an accurate prediction of the ultimate
load can be made.
If the loads are moved closer to the supports the
ratio of moment to shear is reduced as the shear span be-
comes smaller. The combination of shearing stresses and
bending tensile stresses begins to affect the formation
of cracks and the ultimate load. The flexure cracks will
begin to incline toward the point of load application as
the load is increased. Before sufficient bending moment
is developed to produce failure in flexure, distinct diag-
onal tension cracks may form independently from the flex-
ural cracks and closer to the supports. These cracks form
near the neutral axis and at approximately forty -five degrees
to the neutral axis. Although the diagonal tension crack
may be an extension of the flexural crack it is distinct
from the latter in that it penetrates deeply into the com-
pression region. Following formation of the diagonal ten-
sion crack there are two typically observed types of be-
havior which may occur. One, the diagonal tension crack
forms across the entire face of the beam from the tension
steel through the compression face. This may occur simul-
taneously or at a slightly higher load, essentially split-
ting the beam into two pieces and causing failure. This is
the diagonal tension failure and is most frequently found
with a shear span to depth ratio in the range from three to
seven. Two, with smaller shear span to depth ratios, the
diagonal crack enters the compression zone but does not
reach the compression face. Increasing the load results in
a deeper penetration, reducing the area of concrete avail-
able to resist compression until the beam fails by crushing
of the concrete. This type of failure is commonly called the
shear compression failure. In this case the beam has addi-
tional strength after the formation of the diagonal tension
crack .
It can be concluded that shear affects the behavior
of the beam through the formation of the diagonal tension
crack. Prior to the formation of this crack the stress in the
longitudinal steel and in the concrete is proportional to
moment in the beam. The formation and growth of the diag-
onal tension crack causes a significant redistribution of
the internal stresses. It is the ability of the beam to
accept this stress redistribution that determines the ulti-
mate strength of the beam.
A beam with no web reinforcement which has a diagonal ten
si on crack is shown in Figure la. Figure lb illustrates
the section of the beam to the left of the crack. After
5| 2|_J 1 __^
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FIGURE I. BEAM WITH DIAGONAL CRACK
the crack has formed the concrete above the crack is assumed
to resist the entire shear force although a small portion
of the shear is transferred by dowel action of the longi-
tudinal steel. In order for the beam to adjust to this
new form the steel at section b-b must be capable of resist-
ing the moment at section a-a . This will cause an increase
in stress of the steel at section b-b . If the beam is not
able to reach a force equilibrium the steel will yield and
cause a spontaneous collapse.
The resistance of the beam to diagonal tension cracking
depends primarily upon the stability of the compression zone,
or the compressive strength of the concrete. However, the
percentage of longitudinal reinforcement and the length of
the shear span also affect the ability of the beam to reach
a force equilibrium.
Thus, for beams without web reinforcement, failure may
come immediately with the formation of the diagonal tension
crack or at loads as much as 100 per cent higher than loads
causing the critical diagonal tension crack. This erratic
behavior indicates that the ultimate load of such a bean
should be the diagonal cracking load.
Web reinforcement has little effect on the beams' be-
havior prior to formation of the diagonal crack. In fact,
measurements have shown that there is no appreciable stress
in the stirrups before cracking. Even after cracking has
taken place only the stirrups crossed by the crack carry
the stress originally transferred by the concrete. The
stress level in these stirrups is increased as the load
rises. If the beam is to fail by shear compression the web
reinforcement would have to yield before the concrete
crushes. A flexure failure would result if the percentage
of web reinforcement were high enough to keep the stirrups
from reaching yield stress. Presence of the stirrups also
adds to the shear resistance by reducing the propagation of
the diagonal tension crack into the compression zone. The
beam will not fail suddenly unless the percentage of web
reinforcement is so small that the stirrup yields upon form-
ation of the diagonal tension crack.
The percentage of longitudinal reinforcement crossed by
the diagonal tension crack is also of importance. Present
design standards allow for a reduction in the amount of ten-
sion steel when it is no longer needed to resist the moment
developed. It has been shown that the longitudinal steel
near the support, where the moment is low, may be required
to resist a higher moment after the formation of the diagonal
tension crack. There are two consequences of terminating
bars solely in accordance with moment requirements. A sudden
increase in the stress of the tension steel where it is
crossed by the diagonal tension crack could cause immediate
yielding. A large differential in steel stress in a region
of high shear may lead to very large bond stresses adjacent
to tension cracks. The resulting splitting causes progres-
sive destruction of bond of the concrete to the steel and
f ai 1 ure .
Present Design Methods
Beams which are reinforced for flexure must be designed
so that the shearing stresses that develop are below the
critical value that would result in diagonal tension crack-
ing of the beam. The maximum shear force, V, and therefore
the maximum calculated shear stress, v, generally occur
immediately adjacent to a support. However, the additional
local stresses caused by th^ reaction counteract crack form-
ation and the first crack occurs at a distance of the order
of the depth of the beam, d, from the support. The ACI Code
[2] therefore specifies that the maximum shear stress for
design is at a section a distance d from the face of the
support, where d is the effective depth of the beam. It is
also required that the concrete area and web reinforcement
calculated at this section must be continued to the support.
The ultimate shear stress allowed in a beam without web
reinforcement, as given by the ACI Code is:
V
\ = r -» (1 - 9/fT + 250 ° ErL 3.5 1)
where is a capacity reduction factor which is 0.85 for
shear and diagonal tension, p = A/bd, A is the area of
tension reinforcement, b is the width of the web, M is the
bending moment. This equation was developed after studying
experimental results. Details can be found in the report of
the ACI-ASCE Committee 326 [1]. It is seen that this equa-
tion contains all of the major factors influencing the shear
strength of reinforced concrete beams.
When the shear stress exceeds that permitted for the
concrete of an unreinforced web the Code allows for designing
web reinforcement to carry the excess. The method for com-
puting the required amount of web reinforcement is -based on
the truss analogy. The basis for the truss analogy has been
well documented in earlier works and be found in both Harvey's
Bracketed numbers refer to items in the Bibliography
thesis [9], pp. 9-12 and Wehr's thesis [19], pp. 5-9. The




v f d(sina + cosa) (2)
where A is the total area of web reinforcement in tension
within a direction parallel to the longitudinal reinforce-
ment, V' is the ultimate shear carried by the web reinforce
u
J
ment, s is the spacing of the stirrups on bent bars in a
direction parallel to the longitudinal reinforcement, f is
the yield strength of reinforcement, and a is the angle be-
tween inclined web bars and longitudinal axis of member.
The committee could not recommend changes in the procedure
for proportioning web reinforcement as given by the truss
analogy. This is due to a lack of beam tests with shear
reinforcement and the performance of beams designed in this
way.
Thus, the shear strength of beams with web reinforce-
ment is the sum of the shear carried by the uncracked con-




Review of the Literature
The complex nature of the distribution of internal
stresses after diagonal cracking has prevented anyone from
presenting a rational explanation of the mechanism of shear
failure. Efforts to unravel this mystery have been made
since the beginning of the century, with intensified attempts
over the last decade giving a much better understanding than
previously available. A thorough synopsis of the develop-
ments prior to 1964 has been presented by Harvey in his
thesis [9]. The following discussion will only cover the
material written since this review.
Beams Without Web Reinforcement
Recent approaches have attempted to establish a basic-
ally rational theory to describe effects of shear and diag-
onal tension on the behavior of reinforced concrete members.
The major difficulties in developing such a theory are due
primarily to the i ndete rmi nancy of the internal force system
after inclined cracking, the nonhomogeneity of concrete,
and the nonlinearity of its s tres s -s tr ai n diagram. Further
problems arise because of the number of parameters influenc-
ing the beam strength: percentage of steel, grade of steel,
type and arrangement of web reinforcement, concrete strength,
shape of cross-section, shear span to depth ratio, dimen-
sions of the cross-section, type of loading, and type of
beam. The large number of variables involved in the problem
has prevented anyone from collecting and interpolating all
of the data available and presenting the desired understand-
ing.
The effect of the shear span to depth ratio on the
shear capacity of rectangular beams with all other variables
10
constant can be illustrated as shown in Figure 2. This
clearly shows two separate effects governing the ultimate
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FIGURE 2. BEAM CAPACITY VS. A/D RATIO
FOR SIMPLY SUPPORTED RECTANGULAR BEAMS
The shear compression failure occurs after flexural
cracks have formed. An inclined crack which is generally a
continuation of a flexural crack progresses through the com-
pression zone toward the nearest concentrated load. With an
increase in load the inclined portion of the crack generally
propagates downward to the reinforcement and extends along
11
it. This secondary horizontal crack is associated with
either slip or dowel action of the reinforcement.
Once the inclined crack has developed failure may occur
in one of two primary ways: (1) a crushing of the concrete
at the end of the crack; and (2) anchorage failure due to
loss of bond of the tension reinforcement. As noted in
Figure 2 a shear compression failure always has a reserve
strength after the formation of the inclined crack.
In beams of larger shear span to depth ratio, from
about 2.5 to 7 , the redistribution of stresses after diagonal
tension cracking will exceed the strength of the member.
Such a member fails immediately upon the formation of the in-
clined crack, with little or no indication of failure. The
crack, which often splits the beam into two pieces, may be
the rapid progression of a flexural crack or form indepen-
dently in the web.
Several reports written in the past few years have ob-
served the behavior of beams failing in shear [10,11,12,14,
16]. Other investigations [5,8,11,12,13] have examined
single aspects of shear failure in order to give a more
complete understanding. Particular attention has been paid
to the contribution and effect of the tension reinforcement
[5,13,15].
A method of analysis of beams subjected to the combined
action of bending and shear stress that has been developed
recently is the "tooth-failure cracking." This mechanism
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of diagonal failure was presented by Kani [12], along with
the transformation of the beam into a tied arch. Develop-
ment along these lines resulted in a design basis which ac-
counts for the changing behavior of the beam as the shear
span to depth ratio changes. Comparison to test data proved
very favorable. Investigations by other authors [6,8,15,16]
have also examined this and similar behavior.
The importance of the inclined crack upon the behavior
and shear strength of reinforced beams has long been known.
Since the inclined crack is essential to shear failure it is
important to be able to define the load which will cause the
diagonal cracking. Several attempts have been made to study
the formation of inclined cracks and determine their effect
on the beam [6 , 7 , 8 , 1 3 , 1 6 , 1 7]
.
The result of this research has been several semi-
empirical design criteria for reinforced concrete beams
[11,12,14,15,17]. The accuracy of these proposed theories
varies, but each was developed for a particular beam size
with a limited range of variables. Often the results are
contradictory. It has been concluded in nearly all of these
studies that more work must be done [6,14,17].
Beams with Web Reinforcement
Research concerning beams with stirrups is much more
limited. This is due to the introduction of another vari-
able with the addition of one more material to handle and
the associated difficulties.
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Behavior of beams with stirrups prior to diagonal crack-
ing is essentially the same as that of beams without stir-
rups. Once inclined cracking occurs the stirrups carry part
of the stress and even small percentages of web reinforcement
shows some increase in carrying capacity. Tests by Krefeld
and Thurston [14] have shown that there is a minimum value
of transverse steel necessary to develop the flexural capac-
ity of beams .
Presence of stirrups adds to the beams shear capacity in
several ways. As might be expected, the web steel carries
part of the shear in tension when it is crossed by an in-
clined crack. The width of the crack is reduced as well as
the relative displacement of the segments in the crack zone.
Propagation of the critical diagonal tension crack is thus
reduced and the compression zone of the beam remains larger.
Crack patterns remain nearly the same as for beams without
stirrups, but the inclined cracks are flatter. Dowel action
of the longitudinal reinforcement is greatly increased be-
cause the stirrups tie the tension steel to the uncracked
concrete
.
The effect of web reinforcement is most pronounced in
beams which would fail in diagonal tension if the stirrups
were not present. Failure does not occur upon formation of
the inclined crack because the stirrups carry the shear and
allow the internal stresses to redistribute.
Several methods have been presented which attempt to
analyze the behavior of a concrete beam with stirrups. The
14
most popular of these are the truss analogies but a frame
analogy is also available. Limit analysis mechanisms, both
rigid-simple mechanism and rigid-elasto-plastic models have
been used. Each of these approaches has been reviewed by
Bresler and MacGregor [6]. Any of the above procedures which
is relatively clear and easy to use does not give results
which agree with test data.
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PURPOSE AND SCOPE
The object of this study was to observe the behavior
of beams with different shear span-to-depth ratios as a func-
tion of concrete strength. The effect of the concrete
strength on the ultimate shear strength of beams without web
reinforcement was examined.
It was also the intent of this study to assemble the
results of recent studies here at Purdue. All of the previ-
ous test data were combined and examined. Certain beam tests
were repeated in order to clarify, supplement and continue
the investigation. In this manner a more comprehensive
study was obtained.
The data included in this report come from the follow-
ing Joint Highway reports:
1. "A Study of Diagonal Tension Failure in Reinforced
Concrete Beams" by W. N. Harvey [9].
2. "Shear Strength of Reinforced Concrete T-Beams"
by K. E. Wehr [19].
3. "A Study of the Effect of Bar Cut-off on the Shear
Strength of Restrained Reinforced Concrete Beams"
by G. R. Spaman [18]
.
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TEST SPECIMENS AND PROCEDURE
All beams were simply supported with an overhang on one
end. One concentrated load, P,, was applied to the canti-
levered portion and a second load, P „ , to the region between
supports. These two loads were applied to the specimens as
reactions from a steel I-section. A specific ratio of maxi-
mum negative moment to maximum positive moment was obtained
by positioning the load applied to the I-section. The de-
tails and dimensions of the specimens, along with the applied
loads, shears and moments, are found in Figure 3 and Tables
1 and 2.
Each of the repeated tests was made to conform as close
as possible to the original test. Changes were made only in
the position of the strain gages on the steel when it was felt
that their position affected the behavior of the beam.
Strains were measured with the type of gages presently avail-
able in place of the strain measuring devices originally used.
The same 6" x 13" rectangular cross -secti on was used
for all beams. The two variables in the study were the com-
pressive strength of the concrete and the length of the
shear span "a." Two No. 6 bars were used for the top rein-
forcement while two No. 5 bars were used as the bottom steel.























Series I H m
M,/M 2 15 2 2
o/d 2.16 2 88 3 98
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M 8.30P 994P 10 87P
FIGURE 3. DETAILS OF SPECIMENS
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Table 2. Properties of Concrete Strength Test Specimens
Beam Compres s i ve Split T e n s i 1 e Mo dul us of
Designation Strength Strength El as ti ci ty








1-1 2740 341 3. 17
1-2 3600 379 3.61
1-3 3820 301 3. 33
1-4 5090 460 3.47
II-l 2030 269 2. 78
1 1-2 2450 305 3.07
1 1-3 3340 290 3.84
1 1-4 3620 279 3. 44
1 1 -5 4360 416 4.06
1 1-6 4380 478 3.91
I I - 7 4440 432 4.23
1 1-8 6750 618 4.62
III-l 2040 278 3.03
1 1 1 -2 3210 306 3. 19
1 1 1 -3 4550 380 3. 19
1 1 1 -4 4570 538 4.06
1 1 1-5 6810 471 4.38
All specimens have as longitudinal reinforcement with AASH0
Cutoffs: Top 2-#6, Bottom 2-#5. The percentage of longi-
tudinal reinforcement is p = 0.0132. The modulus of
elasticity is the initial tangent modulus.
* Average of 3 cylinders chosen at random from 6.
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was no longer needed to resist tension in accordance with
the governing criteria of the ACI or AASHO Codes. Failure
was restricted to the shear span, "a," by placing an exces-
sive amount of web reinforcement in the cantilever and the
region outside the load P
?
.
The specimens were grouped into three series according







Further classification was obtained by numbering the beams
in proportion to their increasing concrete strength. All
repeated specimens have the same designation as in the
original theses and &re also included with the data to de-
termine the effect of the concrete strength if they had the




All concrete was made with Type 1 portland cement,
ASTM C29. The mixes were proportioned according to ACI
Standard 613-54, "Recommended Practice for Selecting
Proportions for Concrete," to give a slump of 3-4 inches.
The water-cement ratios were selected to give the desired
strength and ranged from 0.71 to 0.645.
21
Aggregates
The aggregates used were purchased from a local sup-
plier. The coarse aggregate was a natural gravel of 1" max
imum size. At the laboratory it was sieved into two sizes
to minimize segregation during handling. Using Fuller's
Maximum Density Curve 48 per cent of No. 4 to 1/2" was
combined with 5 2 per cent of 1/2" to 1" size, by weight.
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The longitudinal steel was a high strength steel with
average properties as shown in Table 3. The No. 5 and 6
deformed bars were rolled from the same heat and specially
selected to give the required yield strength. The properties
shown are averages for several coupons chosen at random. A
representative s tress -strai n curve is shown in Figure 57,
Appendix A. The deformations met the requirements of ASTM-
A305.







29.6 x 10 6 psi
16.6 %
The 1/4" diameter plain bars used for stirrups in the
18" interior span and the overhang were of hard grade steel >
ASTM-A15 having an average yield stress of 52,000 psi and
an average ultimate strength of 81,700 psi.
The web reinforcement used in the shear span "a" was a
very soft No. 4 wire, diameter = .225". Coupons of this
steel were selected to give the average properties shown in
Table 4. A representative stress-strain curve is found in
Figure 58, Appendix A.







27.2 x 10 6 psi
Fabrication and Curing
All specimens were cast in 3/4" plywood forms which
were treated to reduce deterioration due to the repeated wet-
ting and drying. The forms are shown partially assembled in
Figure 4. Bracing was supplied by the 1" x 1" angles bolted
to wooden 2 x 4's. Tie rods were placed through angles on
the bulkheads to keep the bulkheads in place during casting.
The reinforcement was wired into a rigid cage with the
stirrups wrapped around the longitudinal steel. A minimum
of 1.4" clear between the longitudinal steel was obtained
by wiring the bars to the stirrups. Cover of 1.5" was main-
tained on the sides by using wooden blocks which were re-
moved as the concrete was placed. The reinforcement was
placed on rigid steel chairs to provide 2" clear cover on the
bottom under the interior load. The steel to resist the nega-
tive moment was supported on steel bars fitted through the
forms to provide the proper effective depth. These bars were
removed after the concrete attained initial set. Handles made
from the 1/4" plain bars were wired to the stirrups at each
24
(a) FORMS ONLY
lb) FORMS AND REINFORCEMENT
FIGURE 4.
FORMS PRIOR TO CASTING
25
end of the beam to facilitate moving the beam after the con-
crete hardened.
The concrete was mixed for about 10 minutes in a sta-
tionary rotating drum mixer with a maximum capacity of
eleven cubic feet. All of the materials were weighed before
mixing was started. Six 6" x 12" control cylinders were
cast with each specimen. The concrete was placed by shovel
and consolidated with a 3/4" internal vibrator.
Several hours after placing the concrete the top of
the forms and the cylinder molds were covered with most bur-
lap. A sheet of plastic was then placed over the burlap.
Forms were kept on as long as possible to promote better
curing. During this time the burlap was kept moist. Two
days prior to testing the covering and forms were removed
so the beam could be prepared for testing. Specimens cast
during the summer months were taken from the forms as soon
as possible and placed in a moist room along with the con-
trol cylinders in order to control the curing. These were
removed two days before testing.
Instrumentation and Testing Procedures
A Baldwin hydraulic testing machine of 600,000 lb.
capacity was used to provide the load for testing the re-
peats from Harvey's thesis [9], and Wehr's thesis [19]. The
load for the specimens from Spaman's thesis [18] and the
study of variable concrete strength was from a remote hydrau
lie jack actuated by an Amsler Pendulum Dynamometer with



































































and details of the setup respectively. Steel strains were
measured with foil type electric strain gages (Budd Metal-
film C6-141B). The gages were affixed to the reinforcement
at prepared locations with Eastman 910 adhesive. The gages
and their lead wires were waterproofed and protected with an
epoxy compound (Epoxylite No. 222). Strain in the longi-
tudinal steel was measured at the point of maximum moment
and in the critical shear span. Strains were also measured
on some of the stirrups located within the critical shear
span. The actual location of each of the gages is shown on
the crack pattern sheets.
Surface strains in the concrete compression zone were
measured at 3 1/2" from the interior support into the shear
span "a." Paperback SR-4 wire gages (BLH A-1-S6) were
cemented to the concrete surface using Duco cement. The
concrete surface had been smoothed with a wire brush, cleaned
with acetone, and sealed with Duco cement one day prior to
the application of the gages. The vertical position of these
gages varied from beam to beam and the actual location is
shown on the individual crack pattern sheets.
Deflections under the overhang were measured with two
0.001" Federal dial gages supported by two ringstands. An
aluminum angle was clamped onto the bottom of the beam with
the movable stem of the gages compressed and resting upon
it. In this manner the deflected beam moved away from the
gage.
28
The sides of each beam were painted white and gridded so
that the crack pattern was easily visible and could be drawn.
After each load increment the crack penetration was traced
and the load marked on the beam. After the test the beams
were photographed and the crack pattern recorded.
The beam was loaded in increments of one to five kips,
with decreasing increments as the load approached ultimate.
Strains and deflections were recorded at each load increment.
To monitor the strains, A Honeywell Digital Voltmeter, model
623 and Honeywell 620 Converter were used with a D.C. power
supply of approximately 4.0 volts.
Three control cylinders were tested in compression for
each specimen with the remainder in split tension. Two of
the compression cylinders were used to determine the modulus




Table 5 summarizes the pertinent test results of the
repeated specimens along with the original tests. A tabu-
lar summary of the test results for the effect of concrete
strength is found in Table 6. Photographs of some of the
beams are shown in Figures 6 through 9. Strain and deflec-
tion data are shown graphically in this section and can be
found in complete form in Appendix B. A brief description
of each test is given to correlate the strains and deflection
with the observed behavior of the beam. Scale drawings of
each beam showing the crack pattern and gage locations are
included. Figure 13 is a pictorial explanation of the way
in which the crack patterns are presented. The loads record-
ed are applied loads only and do not include the weight of
the loading apparatus and the dead weight of the specimen.
In beams without web reinforcement the formation of
the diagonal crack was in most cases easy to determine. When
web reinforcement was present and in some of the longer speci
mens the formation of the diagonal tension crack was more
difficult to detect. For this reason the diagonal cracking
load is defined as the Toad at which the critical diagonal
crack was observed to reach the neutral axis, using the
cracked-section theory. The neutral axis was nominally four
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(a) BEAM I A
(b) BEAM I E
(c) BEAM II A
FIGURE 6.









(c) BEAM I- 3 (d) BEAM I- 4
FIGURE 7.
BEAMS AFTER TEST - SERIES I
34
(a) BEAM U-










(c) BEAM IT - 8
FIGURE 8.
BEAMS AFTER TEST- SERIES H
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(a) BEAM Hr-
(b) BEAM HE - 2
(c) BEAM m - 5
FIGURE 9.




Beam I A- 4 (No Stirrups - 2 Layers of Tension Steel) .
The original beam had strain gages in the shear span, 18"
and 24" from the support, and failed suddenly at 34 after
k
the diagonal crack formed at 32 . It was thought that the
presence of these gages had an effect on the ability of the
beam to reach a force equilibrium after diagonal cracking.
The repeat beam had strain gages on the steel only
3 1/2" from the support. The critical diagonal crack (Fig-
k
ure 14) formed at 40 and penetrated to about 3" from the
compression face. The concrete strain (Figure 11) showed
kthe presence of the diagonal tension stress at 36 . Split-
kting along the two rows of steel also began at 40 and con-
tinued to failure. The development of the diagonal crack
continued and it began to open wide at the failure load of
k
50 . Failure seemed to be from the combined action of the
splitting along the steel and the diagonal tension crack.
The crack pattern of the repeated beam was very similar
to the original, but with more extensive flexural cracking
due to the higher load. The critical crack was located in
essentially the same position in both beams. The deflection
of the repeat beam was larger than the original. Harvey's
hypothesis about the presence of the gages in the shear span
was evi dently true
.
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Beam IIB-5 (No Stirrups - AASHO Cutoff) . What proved
to be the critical crack (Figure 15) began to incline about
k k
2 4 and reached the compression zone at 32 . Cracks on
the side of the beam with the longer tension bar penetrated
sooner than on the side with the shorter bar. Failure came
k
suddenly at 36 when the beam split into two pieces along
the diagonal crack and the reinforcement. The critical crack
k
was 2" from the compression face at 34 and only minor
splitting along the reinforcement had occurred.
The crack patterns of the repeat and original beams are
remarkably similar and failure occurred in the same manner.
Beam IIIB-5 (4" Stirrup Spacing - AASHO Cutoff) . While
preparing the beam for testing a crack developed near mid-
span in the shear span. The crack was primarily in the
compression zone and did not seem to affect the behavior of
the beam.
Several flexural cracks (Figure 16) inclined toward the
support as the load was increased but did not penetrate the
k
compression zone. The critical crack appeared at 40 and
reached the top of the compression zone. It was at the load
k
of 40 that the instrumented stirrup nearest this crack
registered its first reading, 650 Mil. The crack continued
k
to penetrate and was nearly horizontal after 50 . This crack
k
continued traveling at a flat slope at 55 but was still
more than 14" from the support. An attempt to increase the
load resulted in a diagonal tension failure when the crack
split to the support.
38
Beam IIIB-6 (No Stirrups - AASHO Cutoff) . The failure
k k
crack formed suddenly at 34 and was not visible at 32
(Figure 17). Complete diagonal tension failure occurred with
the appearance of this crack. The critical crack developed
from a flexural crack which initiated at the cutoff point of
the shorter longitudinal bar. After reaching the compression
zone it became nearly horizontal. Splitting along the con-
tinuing tension bar was evident.
Both beams IIIB-5 and IIIB-6 failed in nearly the same
manner as the original beams at approximately the same loads.
In both cases the crack patterns, deflections and steel
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Beam IIT-1 (No Stirrups - No Cutoff) . Steel strains
and deflection (Figure 18) increased very slowly until the
formation of the first tension crack through the flange at
2 5 . This crack (Figure 20) penetrated to within 4" of the
interior support and opened about 1/4". The first diagonal
crack formed at 40 and on the south side this crack pene-
trated into the flange. This crack did not open wide at
failure but served as the starting point for a crack which
formed at 44 , ran along the chamfer and opened wide at fail-
ure. On both sides parallel diagonal cracks opened wide at
failure, with the latter splitting along the bottom reinforce
ment
.
The strain distribution (Figure 19) shows that the neu-
tral axis is about 3" from the compression face as opposed
to 4" in the original beam. The failure cracks in the re-
peat beam formed farther from the support than that of the
original beam even though the behavior and failure loads
were similar.
48
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Spaman
Beam IA (No Stirrups - Theoretical Cutoff) . The criti-
cal crack (Figure 28) developed from the flexural crack
nearest the cutoff point of the shorter bar. Progression of
the crack was deeper on the south side of the beam which was
the side with the shorter bar. It reached the compression
k k
zone at 2 4 on this side and at 26 on the north side. The
concrete strain distributions (Figure 22) shows the effect
of diagonal tension stresses at a load of 28 . Splitting
along the steel began at 22 and is reflected in the greater
increase of the strain in the second steel gage (Figure 26a).
As splitting progressed the steel strain grew and the strain
in the last gage increased fastest as failure approached.
Diagonal tension failure and extensive splitting occurred
at a 1 oad of 39 .
The original beam failed in the same manner but at a
kload much lower, 21 . The deflection of the original beam
was nearly double that of the repeat. In both beams the
strain in the central steel gage was the largest of the three
after the formation of the diagonal tension crack.
Beam IE (No Stirrups - No Cutoff) . The critical diag
k
onal tension crack (Figure 29) began to incline at 34 and
k k
reached the compression zone at 38 . Also at 38 the load
deflection curve (Figure 21b) lost its linearity and devi-
ated from that of the original beam. The concrete strain
52
distribution (Figure 23) became nonlinear about 25 as the
strain 2" from the compression face failed to increase.
Failure came after holding 46 long enough to record the
steel strains. A sharp increase in the strain at the third
k
gage (Figure 26b) was noted at 46 .
Failure load, beam behavior and crack patterns were
similar to those of the original.
Beam 1 1 A (3 1/2" Stirrup Spacing - Theoretical Cutoff) .
The critical crack (Figure 30) formed suddenly at 20 and
penetrated to within 3" of the compression face on the south
side. Development on the north side was much slower and
kdid not reach the compression zone until 34 . The load was
being applied unsymmetrically due to a misalignment of the
I-beam and was removed after 28 . Reapp 1 i cati on of the load
showed a decrease in strain on the south side and an in-
crease on the north side. The critical crack began to open
wide at 32 on the south side and penetrated through the
k
compression face on that side at 36 . Splitting along the
continuing bar began at 34 . At this load the steel strain
at the third gage (Figure 27a) nearly equaled that of the
second gage. Both were greater than that of the first gage.
Again the strain in the last gage increased sharply as fail-
ure approached. Failure occurred at 39 . The concrete
strain distribution (Figure 24) was much more linear than
that of its companion beam without stirrups (Figure 22).
53
The beam behaved as the original beam, except that the
stress at the middle gage was greater on the original. This
was probably due to the location of the critical crack.
Beam 1 1 B (3 1/2" Stirrup Spacing - No Cutoff) . The load
k
was noted to be unsymmetri cal ly applied at 35 so it was re-
moved and reapplied through a different I-section. All of
the recorded steel strains were slightly larger while the
concrete strains were slightly smaller after reapp 1 i cati on
.
The critical diagonal crack (Figure 31) entered the compres-
k n
sion zone at 52 about 9 from the support. This crack b e -
gan to open wide at 64 and resulted in a diagonal tension
k kfailure at 72 when the load dropped to 51 .
The concrete strain distribution (Figure 25) on the
south side shows markedly the effect of the diagonal tension
stresses beginning at a load of 58 and continuing to fail-
ure. Strain at the third steel gage (Figure 27b) increased
rapidly only after the critical crack opened wide.
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The Effect of Concrete Strength
All beams in the remainder of the investigation were
similarly made with no stirrups and the longitudinal steel
terminated in accordance with the AASHO requirements. The
variables were the shear span and concrete strength. The
beams were divided into three series by shear span and num-
bered with increasing concrete strength.




- 2, 7 40 psi) . What proved to be the criti
cal crack (Figure 36) began as a tension crack about 9" into
the shear span. Penetration of this crack was much faster
on the south side of the beam, the side with the shorter bar
This crack began to incline at 20 and was 3" from the bot-
torn on the south side. By 24 splitting along the steel be-
gan on both sides. The diagonal tension crack began to open
k k
on the south side at a load of 30 . The beam held 34' long
enough to take all readings. Splitting along the steel
accounted for failure after the diagonal crack penetrated
into the compression zone near the support. Extensive
splitting existed.
The concrete strain distribution (Figure 33a) clearly
shows that the north side of the beam had higher stress




learn 1-2 (f ' = 3,600 p s i
)
.
The critical crack (Figure
37) again developed from a flexural crack about 9" from the
support but did not reach the compression region until 36 .
Splitting along the steel also began at 36 . Failure came
at 46 by splitting along the steel causing extensive and
explosive breakup of the concrete along the continuing bar.
The strain in the continuing bar (Figure 35a) in the
shear span decreased when splitting along the steel began.
Again, the concrete strain distribution (Figure 33b) on the
north side had higher stress levels.
ieam 1-3 (f ' = 3,820 psi) . In this beam slight splitting
along the steel (Figure 38) began at 32 before the critical
crack reached the compression zone, 34 , even though it had
inclined from the originating flexural crack. Progression
k k
of the diagonal crack ended at 34 until failure at 52 when
it penetrated to the support. Splitting continued until the
k
steel split out at a load of 52 .
The concrete strain distribution (Figure 34a) was very
symmetrical until 28 when the strain 2" up on the south side
began to drop. It^was also at 28 that the steel strains
(Figure 35b) increased markedly.
Ieam 1-4 (
f
' = 5,090 psi) . The critical crack (Figure
39) did not reach the compression zone until failure at
k k39.8 although it did begin to incline at 36 . Failure was
sudden diagonal tension at 39. The tension steel did not
67
split out and little splitting along the steel was present.
The concrete strain distribution (Figure 34b) was rela-
tively symmetrical at 36 but the effect of the diagonal
tension stresses can be noted on the south side. The deflec-
tion (Figure 32d) was still essentially linear until failure
68
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Series II, 32" Shear Span
ieam II-1 (f ' = 2 ,030 psi ) . The critical crack (Fig
ure 45) formed from a flexural crack 12" from the support.
It began inclining at 20 and reached the compression zone
k k
at 26 . Splitting along the steel also began at 26 . At
32 the diagonal crack formed and opened about 1/4" before
crushing of the concrete at the support and splitting along
the tension steel.
The deflection (Figure 40a) was nearly linear to the
inclination of the critical crack. The steel strain (Fig-
ure 44a) in the shear span approached that at the support
failure. The concrete strain (Figure 41) on the south side
was greater than on the north.
ieam II-2 (f ' = 2,450 psi ) . The beam (Figure 46) fail
ed suddenly in diagonal tension at a load of 33 . The criti-
cal crack just began to incline at 32 and was still 7" from
the compression face. Splitting associated with the critical
crack occurred at failure.
Again the south side had higher concrete strains (Fig-
ure 42). The deflection (Figure 40b) was linear, with a
kink at 20 which corresponds to the formation of a non-
critical inclined crack. The steel strain (Figure 44b) in
the shear span was nearly equal to that at the support. There
was no evidence of a decrease in steel strain due to splitting
al ong the s tee 1 .
77
learn 1 1 - 8 (
f
' = 6,750 psi) . The beam failed in diagonal
tension after holding 40 for about one minute. The critical
crack (Figure 48) had formed as a flexural crack but had not
begun to incline when failure occurred.
The concrete strain distribution (Figure 43) was very
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Series III, 44" Shear Span
ieam II 1-1 (f ' = 2 ,040 psi ) . The critical crack (Fig
ure 53) began as a flexural crack at 20 about 22" from the
k k
support. Inclining began at 22 on the south side and 28
k
on the north side. The compression zone was reached at 32 .
k
Diagonal tension failure occurred at 34 when the critical
crack penetrated the compression region to the support. The
tension steel split out at failure.
The concrete strain (Figure 49) was higher at all gages
on the north side than on the south. The steel strain (Fig-




' = 3,210 psi) . The concrete around the
continuing steel reinforcing bar on the north side began to
crack and lose bond near the location of the strain gage in
the shear span while the cracks were being traced after 28
The steel bar split out followed by rapid progression of
the diagonal tension crack and total failure of the beam.
The critical crack (Figure 54) had just begun to incline on
the north side and had nearly reached the compression zone
on the south side. Extensive splitting was present on the
north side but little on the south. The presence of the
strain gage in the shear span may have limited the' strength
of the beam.
The deflection (Figure 48b) was essentially linear to
failure. As in 1 1 1 — 1 the north side had higher concrete
strains (Figure 50).
Seam 1 1 1 -5 (f ' = 6,810) . Failure came suddenly at 40
when the diagonal tension crack (Figure 55) formed on the
south side through the cutoff point of the short bar. This
was followed by splitting of the continuing bar and rapid
penetration of the diagonal tension crack on the north side
The behavior of this beam (Figures 48, 51, 52) was the

























DISCUSSION OF TEST RESULTS
Repeated Beams
Harvey
Beam IA-4, when repeated without the strain gages in the
shear span, followed the trend of the remainder of the beams
in Series I and sustained a failure load substantially great-
er than the diagonal cracking load. The other repeats of
Harvey's beams behaved very much like the originals, but
with the diagonal cracking load increased in the duplicate
beams. The ratio of the actual shearing stress at diagonal
cracking to the shear stress calculated to cause diagonal
cracking (Table 7) was approximately 0.80 for the original
beams IIB-5, IIIB-5 and IIIB-6. In the repeat beams these
values increased to 1.03, 1.06 and 0.92 respectively, when
compared to the ACI Building Code Requirements. The ratio
of the test value to calculated value of ultimate shearing
stress also increased for all the beams when compared to
both ACI and AASH0 specifications (Tables 7 and 8). All of
the repeated values fit well with the other values reported
in Harvey's original work.
97



























test cal c v
c


































































































































VCVR =1 - 9 ^l + 2500 fiVd
V
u
bd v + Kr fc vy



















































































y( .03 f ) < j x 90 psi
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Wehr
Beam IIT-1 was repeated because it was the only one of
the restrained T-beams tested that failed upon formation of
the diagonal crack. The two T-beams of longer shear spans
without stirrups sustained a failure load higher than the
diagonal cracking load. The repeat of IIT-1 failed at a
slightly greater load than the diagonal cracking load, but
the ultimate shearing stress was only 3.4 per cent higher
than the diagonal cracking shearing stress. However, in
both cases the ratios of actual to calculated shearing stress
at diagonal cracking at at ultimate were of the same order
(Tables 7 and 8)
.
Spaman
The two beams with the longitudinal steel terminated at
the theoretical points developed diagonal cracks at loads
significantly lower than the calculated values. Even though
both sustained a larger load at failure only IA, the beam
without stirrups carried an ultimate stress greater than the
calculated values (Tables 7 and 8). This was contrary to
the original results, when both beams cracked and failed at
stresses lower than the calculated values.
The beams with full length bars, IE and IID, cracked at
slightly higher relative stresses than the original beams,
but this trend did not hold for failure stresses (Tables 7
and 8) .
100




The beams of Series I had an a/d ratio of 2.18. Fail-
ure of these four beams was instigated by penetration of
the diagonal crack followed by splitting along the reinforce-
ment. The amount of splitting was reduced in Beam 1-4,
which had the highest concrete strength. Only Beam 1-4
failed upon formation of the diagonal tension crack, with the
three remaining beams having reserve strength after the diag-
ona 1 crack formed .
Beams of Series II failed in diagonal tension at stress-
es at or slightly above those causing diagonal cracking.
Beams II-l, 1 1 - 5 , I I - 6 and 1 1 - 7 had failure stresses 2 3 per
cent, 14 per cent, 35 per cent and 5.4 per cent above their
diagonal cracking stresses. The remainder of Series II
failed upon formation of the critical crack. Splitting along
the reinforcement was less evident than in Series I. The
critical crack formed farther from the support than in Ser-
ies I. Series II had an a/d ratio of 2.88.
Only Beam III-l of Series III had failure stresses
greater than the diagonal cracking stress and there was only
5.9 per cent difference in the two. All of Series III failed
in diagonal tension but with more splitting present than in
Series II. The critical crack formed much farther from the
support, from 4" to 16" farther than Series II, and the
distance increased with concrete strength. On the side of
101
the continuing bar the diagonal tension crack traveled nearly
horizontally after entering the compression zone. The a/d
ratio of Series III was 3.96.
The modes of failure in this investigation conform to
those reported by others.
Shear Span to Depth Ratio
The effect of the shear span to depth ratio has been
reported by Harvey [9] and others. This study shows that
the diagonal cracking stress as well as the ultimate shear
stress decreases as the a/d ratio increases. Table 9 sum-
marizes the results.
Table 9. Effect of Shear Span to Depth Ratio.
















The behavior of the beam after diagonal cracking is
of more importance. The beams of Series I were able to ac-
cept deeper penetration of the diagonal crack into the "com-
pression zone. Only Beam 1-4 failed upon formation of the
diagonal crack while half of Series II failed suddenly at
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diagonal cracking and only Beam III-l of Series III was able
to carry a load greater than the cracking load.
The difference in behavior may be due to the location
of the critical crack. In beams which sustained a greater
load at failure than the cracking load the critical crack
entered the compression zone much closer to the support. In
Series II, which provides the best basis for comparison, the
beams which carried an ultimate load higher than the crack-
ing load the diagonal tension crack entered the compression
region at an average of 8" from the support while it entered
14" from the support on the beams which failed at the crack's
formation. It is thought that the vertical compression
resulting from the proximity of the support reduces the
principal tension at the end of the crack and thus delays
the penetration of the crack.
This type of behavior is also true of the beams without
stirrups in Harvey's thesis [9] and Spaman's report [18].
Concrete Strength
The compressive strength of the concrete seemed to have
little effect on either the diagonal cracking load or the
ultimate capacity of the beams. Classifying the beams ac-
cording to increasing split tensile strength or Modulus of
Elasticity did not show any trends either.
The splitting of the concrete along the tension rein-
forcement decreased as the concrete strength increased. Com-
parison of the crack patterns of Series I (Figures 37 to 40)
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clearly show this behavior.
The strain distribution in the concrete becomes riore
symmetrical as the concrete strength becomes higher.
The location of the critical crack seemed to depend on
the concrete strength. The flexural crack which served as
the initiator of the diagonal crack moved farther from the
support as the concrete strength increased. This was especi
ally true in Series III where the initiator changed from 22"
to 34" from the support.
Diagonal Crack Location
As mentioned previously the location of the diagonal
tension crack has a definite effect on the beam behavior
and failure mechanism. And, in turn, the location of the
crack is dictated by the properties of the beam.
The shear span to depth ratio plays a large part in
the location of the crack. As a/d increases the flexural
crack which initiates the diagonal tension crack moves away
from the support for beams of approximately the same concrete
strength. For Example: 9" for Beam 1-2 and 28" for Beam
II-4, 18" for Beam 1 1 - 8 and 34" for Beam III-5. Since the
crack begins farther from the support it is also farther from
the support when it enters the compression zone. In the beams
of long shear spans the crack travels nearly horizontally
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after penetrating the compression region (Figure 55). This
is not the case in a shorter shear span where the crack con-
tinues nearly straight. However, for all three series the
critical crack aims for the support after it enters the
compressi on zone
.
The effect of the concrete strength upon the location
of the diagonal crack has been discussed and is found to be
true for all shear spans studied. As the concrete strength
increases the diagonal crack begins farther from the support.
The relative position of the diagonal tension crack
when it enters the compression zone determines the behavior
of the beam. This has also been discussed previously. Sud-
den failure results if the crack reaches the compression region
far from the support. If the crack enters nearer the support
the beam is able to carry additional load. Approximate values







where the first number indicates the largest distance from
the support resulting in increased strength and the second
indicates the closest with sudden failure.
Bar Cutoff
Terminating a portion of the longitudinal reinforcement
within the tension zone results in a reduction of the shear
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strength when compared to similar beams with extended steel.
The reduction in both diagonal cracking loads and ultimate
loads can be found in Tables 5 and 6 of Harvey's thesis [ 9 ]
.
The diagonal tension crack does not always initiate at
the cutoff point, but the resulting failure crack does go
through the cutoff. Splitting is, of course, less on the
side of the beam with the shorter bar (Figure 55).
Another effect of terminating the steel is the loss of
symmetry of the cracked section. On the side of the cutoff
bar the cracks penetrate sooner for beam with the largest
a/d ratio, Series III. This is also reflected in the con-
crete strain distribution of Beams III-l, - 2 , -5 all of which
have the neutral axis higher on the North side of the beam.
Neither of these observations are generally true for Series
I and II
.
For all the beams of Series I and Series III the concrete
strains were higher on the side of the beam with the continu-
ing bar. Over half of the beams of Series II, II-3, 1 1 - 8
,
with concrete strains recorded also indicate this behavior.
Spaman's results [18], also for beams of the type in Series
II, had larger concrete strains on the side of the continu-
ing bar. This could be explained by unsymmet ri cal bending
resulting from the -cross -secti on of the beam after termin-
ating one of the reinforcing bars. However, the concrete
strains were measured at least 18" from the point of bar cut-
off and it seems more likely that the difference in strain
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levels resulted only from the set-up
Steel Strains
The steel strain (Figures 36, 45 and 53) in the shear
span developed more slowly than that at the support for all
series of beams. Once diagonal cracking began the strain
in the shear span increased rapidly and in several cases:
Beams 1-2, 1-3, 11-2, III-l, III-2, increased more rapidly
than that at the support. In Beams 1-2 and 1-3 the steel
strain in the shear span exceeded the strain at the support.
The increase in the shear span strain in Series III occurred
closer to failure because the strain gage was placed farther
from the support in order to be near the critical crack. The
reinforcement at the top of the diagonal crack must resist
the larger moment at the end of the crack as explained in
the INTRODUCTION on page 4.
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ANALYSIS OF TEST RESULTS
Shearing Stress at Diagonal Cracking
Semi -empi r i cal expressions to predict the stress at
which diagonal cracking will occur have been reported by
several authors. The equation most often used is that recom-
mended by the ACI Building Code [ 2 ] . The equation for ulti-




Ell1.9 /FT + 2500 (4)
The equivalent equation for working stress design has a fac-
tor of safety of approximately 2 applied to this equation.
For beams of this study the critical section is a distance d
from the section of maximum moment, and V/M = 1/a - d for
beams in this investigation. Test results are compared with
the calculated values in Table 10.
The equation is conservative for all beams in Series I
and II except Beam 1-1, 1 1 - 5 and 1 1 - 6 . However, only Beam
III-l of Series III exceeded the calculated value, indicating
a definite lack of safety in this series.
Ultimate Shear Strength
ACI recommends the same equation for ultimate strength
as for diagonal cracking in beams /-n thout web reinforcement
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Table 10. Comparison of Concrete Strength Test Results
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due to the unreliable nature of the diagonally cracked beam.
Comparison of ultimate test values and computed ultimate
strengths is also given in Table 10. This equation is more
conservative than the diagonal cracking strength because
several of the beams had higher ultimate strength than crack-
ing stress. In Series I and Series II only Beam 1 1 - 5 failed
at less than the predicted load (at 94 per cent of prediction'
The beams of Series I were more conservative than those of
Series II. However, only Beam III-l of Series III failed
at a stress greater than that estimated by Equation (4). For
the rest of Series III the ultimate strength was also the
stress at which diagonal cracking occurred.
The American Association of State Highway Officials
recommends that Equation (5) be used for the working stress
value of the shear strength of reinforced concrete beams.
t—- = 0.03 f ' < 90 p s ib j d c — r (5)
Multiplying Equation (5) by j, nearly 7/8, allows a compari-
son of Equation (5) with Equation (4) of the ACI.
Table 11 contains the comparison of test results and
the modified AASH0 values. For the beams of Series I, short-
est shear span, the stresses computed on this basis are quite
conservative, from 2.45 to 3.30. Noting that these calculated
values are meant to be safe working stresses, it is seen that
half of Series II and all but one of Series III have factors
no
Table 11. Comparison of Concrete Strength Test Results
with AASHO Standard Specifications for Highway Bridges
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in
of safety less than two with respect to shear failure. The
lowest factor of safety was 1.32 for Beam III-2.
Figure 56 provides a method of examining the effect of
concrete strength upon the safety of the beams in each of
the three series. Both working stress and ultimate strength
are plotted for AC I and AASHO equations. The trends indi-
cated in Tables 10 and 11 are clearly indicated by the graphs
Increasing the concrete strength seems to have relatively
little effect upon the ultimate shear strength although a
slight increase is present. The square root dependency used
by the ACI seems to more closely approximate the behavior of
the beams .
Limiting Moment
Another method of evaluating the test data is to compare
the ultimate moment to the flexural moment of the cross-
section. The effect of shear span to depth ratio upon beam
capacity was given in Figure 2.
The ultimate flexural moment of the beams in this in-
vestigation is the same for both ACI and AASHO specifica-













according to ACI. Table 12 contains the values of the ulti
mate moment and the flexural moment as well as their ratio.
Only Beams 1-3 and III-l attain over 70 per cent of
their flexural moment with 71.7 per cent and 72.8 per centy
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respectively. Two beams of Series II, Beams I I - 3 and I I - 5
,
did not reach half of their flexural capacity. The averages
for the three series were 0.60 for Series I, 0.56 for Ser-
ies II and 0.62 for Series III. The values for the latter
two series correspond to those indicated by Figure 2. The
average for Series I is higher than the graph of Figure 2
for a shear span to depth ratio of 2.16. The concrete strength
of the' beams seems to have no rational effect on the ratio of
the ultimate moment to the flexural moment.
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SUMMARY AND CONCLUSIONS
The beam tests reported herein indicate two general
type of failure in reinforced concrete beams with-
out shear reinforcement and the longitudinal steel
terminated in accordance with AASHO specifications:
a. A "diagonal tension" failure occurring generally
at a load equal to or slightly greater than the
load at which the critical crack formed. These
failures were sudden, usually followed by split-
ting along the steel and/or crushing of the
compression zone. Due to the sudden failure it
was often difficult to determine if the split-
ting occurred after the formation of the diag-
onal crack or the splitting triggered the rapid
development of the diagonal crack.
b. A "shear compression" failure occurring near
the section of maximum moment and at a shear
load substantially greater than the load at
which the diagonal crack penetrated the compres-
sion zone. Failure was by crushing of the con-
crete in the compression zone accompanied by
splitting along the tension steel.
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2. The type of failure was definitely associated with
the position of the diagonal tension crack when it
entered the compression zone. When the diagonal
crack crossed the neutral axis close to the support
the beam had additional strength. Diagonal tension
failure resulted when the critical crack penetrated
the compression zone farther out in the shear span.
3. The flexural crack initiating the critical diagonal
tension crack moved farther from the support as the
shear span to depth ratio increased.
4. With a given shear span to depth ratio the position
of the flexural crack initiating the diagonal tension
crack moved farther into the shear span as the con-
crete strength increased.
5. The combination of bar cutoff and no stirrups in-
creases the probability of a diagonal tension
f ai 1 u re .
6. The diagonal cracking strength and ultimate strength
of the test beams with the longest shear span,
Series III, were unconservati ve when compared to both
the ACI and AASHO recommendations.
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